ABSTRACT
R
hodobacter sphaeroides belongs to the purple nonsulfur bacteria, a physiologically related group of phototrophic bacteria known for their metabolic versatility (1) . Given their natural abundance in anaerobic portions of stagnant water, purple nonsulfur bacteria are adept at using light as a source of energy during anaerobic growth while acquiring carbon from fermentation products, such as propionate. Despite the abundance of propionate in its natural environment, R. sphaeroides was originally classified uniquely among the purple nonsulfur bacteria to be unable to use propionate as a carbon source for growth (1) . A recent edition of Bergey's Manual of Systematic Bacteriology, however, recognizes that the type strain, R. sphaeroides 2.4.1, does grow with propionate (2) .
As a growth substrate, propionate is directly activated to propionyl coenzyme A (propionyl-CoA). Propionyl-CoA is also an intermediate of pathways responsible for the degradation of endogenously derived or exogenously supplied branched-chain amino acids as well as branched-chain and odd-numbered-chain fatty acids (3) (4) (5) (6) . In addition, propionylCoA is formed during the metabolism of 3-hydroxypropionate and during acetyl-CoA assimilation via the ethylmalonyl-CoA pathway (see Fig. S1 in the supplemental material) (7, 8) . The ethylmalonyl-CoA pathway substitutes for the glyoxylate bypass in many bacteria and is required for replenishing intermediates of the citric acid cycle for growth with substrates that enter central carbon metabolism at the level of acetyl-CoA (9) .
Propionyl-CoA is an inhibitor of several key metabolic enzymes, and therefore, the metabolism of propionyl-CoA needs to be tightly regulated to prevent its accumulation inside the cell (10) (11) (12) (13) (14) (15) . In most microorganisms, propionyl-CoA levels are controlled via at least two known metabolic pathways: the methylcitrate cycle and the methylmalonyl-CoA pathway (see Fig. S1 in the supplemental material). The methylcitrate cycle is responsible for oxidizing propionyl-CoA to pyruvate, and the pathway is best characterized for enterobacteria (16, 17) . The enzymes of the pathway for Salmonella enterica are encoded by the prp operon (18) , and the expression of the operon is controlled by PrpR, a 54 -dependent transcriptional activator that responds to intracellular 2-methylcitrate levels (19) . The flow of carbon through the methylcitrate cycle in S. enterica is additionally controlled by reversible covalent propionylation of the propionyl-CoA synthetase active site, modulating the amount of propionate that is activated to propionyl-CoA (20, 21) .
Similarly, flux through the methylcitrate cycle in members of the order Actinomycetales, such as Corynebacterium glutamicum and Mycobacterium tuberculosis (22, 23) , is controlled by reversible acylation of propionyl-CoA synthetase (24, 25) and by transcriptional control of the genes encoding enzymes of the methylcitrate cycle. The transcriptional regulator has been named LrpG (26) , PrpR (27) , and Rv1129c (28) in M. tuberculosis and PrpR in C. glutamicum (29) . It is important to note that the transcriptional regulator from M. tuberculosis and the so-called PrpR regulator from C. glutamicum are unrelated to PrpRs described for enterobacteria like S. enterica. Instead, these regulators of the methylcitrate cycle from the Actinomycetales represent homologs of RamB, a transcriptional regulator first shown to regulate genes of the glyoxylate bypass for C. glutamicum (30) (see below).
The second known pathway for propionyl-CoA assimilation, the methylmalonyl-CoA pathway, operates in a range of organisms (including humans) and across all three domains of life (31) (32) (33) (34) . The methylmalonyl-CoA pathway has been thoroughly biochemically characterized in a number of organisms, including R. sphaeroides. The pathway requires propionyl-CoA carboxylase (PCC), an ATP-and biotin-dependent enzyme that catalyzes the carboxylation of propionyl-CoA to form (2S)-methylmalonylCoA, which is further converted to succinyl-CoA for assimilation.
Although the reactions of the methylmalonyl-CoA pathway are understood, its regulation in bacteria is unstudied. Some insight into the regulation of the methylmalonyl-CoA pathway for propionyl-CoA assimilation may come from several well-studied strategies for regulating the metabolism of other short-chain acylCoAs in a variety of bacteria. In Pseudomonas aeruginosa and P. putida, for example, isobutyryl-CoA metabolism produces propionyl-CoA and CO 2 in a pathway that requires methylmalonate semialdehyde dehydrogenase (MmsA) (35) and 3-hydroxyisobutyrate dehydrogenase (MmsB) (see Fig. S1 in the supplemental material) (36) . The mmsA and mmsB genes are encoded within a single operon that is transcriptionally activated by MmsR, a member of the AraC-type family of regulators (37) . For Escherichia coli, the glyoxylate bypass for acetyl-CoA assimilation (see Fig. S1 in the supplemental material) (38) is transcriptionally and posttranscriptionally controlled. For E. coli, an operon encodes isocitrate lyase (AceA), malate synthase (AceB), and a kinase/phosphatase (AceK); AceK is responsible for modulating the activity of isocitrate dehydrogenase by reversible phosphorylation (39) . Expression of the operon is largely controlled by IclR in response to pyruvate and glyoxylate (40, 41) . C. glutamicum also uses the glyoxylate bypass for acetyl-CoA assimilation. Regulation of aceA and aceB expression in C. glutamicum also occurs transcriptionally, albeit not via IclR. The expression of both genes is activated by the transcriptional activator RamA (42), a LuxR-type regulator, and is repressed by RamB (30) . A homolog of RamB also controls the transcription of genes required for propionyl-CoA assimilation via the methylcitrate cycle for C. glutamicum and M. tuberculosis (see above) (26) (27) (28) (29) .
The following study reveals that a RamB homolog, RSP_2186, is used by R. sphaeroides to control propionyl-CoA assimilation via the methylmalonyl-CoA pathway. The role of RSP_2186 (herein named PccR) as a transcriptional regulator of pccB was examined. Evidence that activation by PccR is the primary mechanism for adjusting the flow of propionyl-CoA through the methylmalonyl-CoA pathway of R. sphaeroides is presented. In addition, the novel ScfR family of transcriptional regulators is defined on the basis of bioinformatics. The ScfR family includes six clades of regulators whose members are likely responsible for regulating pathways for short-chain acyl-CoA assimilation in a variety of organisms.
MATERIALS AND METHODS

Materials.
Propionyl-CoA was synthesized from propionic anhydride as described previously (43) . All primers used in the study were obtained from Sigma-Aldrich (St. Louis, MO) and are listed in Table S1 in the supplemental material.
Bacterial strains and growth conditions. R. sphaeroides 2.4.1 (DSMZ 158) and its derivative strains were grown aerobically in the dark or anaerobically in the light (3,000 lx) at pH 6.8 and 30°C in minimal medium (44) supplemented with 10 mM succinate, acetate, or propionate; because the carbon in propionate is more reduced than cell carbon, 10 mM bicarbonate was also added in the case of propionate. The medium in the plates included 2.5% agar. For enzyme assays and RNA isolation, cells were harvested in early to mid-exponential phase at an optical density at 578 nm (OD 578 ) of 0.4 to 0.5. For growth studies, cells were pregrown anaerobically in minimal medium containing 10 mM sodium succinate, and about 0.1 ml was transferred to 5 ml minimal medium containing the appropriate carbon source. R. sphaeroides strains carrying plasmids were grown in the presence of spectinomycin (25 g ml Ϫ1 ). The medium used for isolating single-crossover mutant strains contained kanamycin (20 g ml Ϫ1 ). E. coli strains DH5␣, S17-1, and SM10 were grown in Luria-Bertani (LB) broth at 37°C with ampicillin (100 g ml Ϫ1 ), spectinomycin (50 g ml Ϫ1 ), or kanamycin (50 g ml Ϫ1 ), as necessary. Isolation of the markerless in-frame pccR deletion strain Rs⌬pccRMC12 and complementation. The suicide plasmid pMC70 employed for the markerless in-frame inactivation of pccR (rsp_2186) was constructed by amplifying 1,491 bp of an upstream region (primers D_ramB_upF2 and D_ramB_upR2) and 1,822 bp of a downstream region (primers D_ramB_downF2 and D_ramB_downR2) of pccR by PCR and by cloning the products in tandem into pK18mobsacB. The resulting plasmid, pMC70, contains an in-frame deletion of 1,224 bp of the pccR gene. The remaining open reading frame includes 134 bp of the 3= portion of the original coding region and 28 bp of the 5= portion separated by a KpnI site and encodes a 55-amino-acid peptide.
Rs⌬pccRMC12 was isolated by mating R. sphaeroides 2.4.1 with E. coli S17-1 transformed with pMC70. Single-crossover strains were isolated anaerobically in the light on minimal medium plates containing succinate as the carbon source (minimal medium succinate plates) and kanamycin for selection. To allow the second crossover event, the cells from isolated colonies were grown aerobically in the dark overnight in 100 l minimal medium succinate lacking kanamycin. Overnight cultures were spread on minimal medium succinate plates supplemented with 10% sucrose and grown anaerobically in the light. Isolated colonies were patched as replicates on minimal medium succinate plates with or without kanamycin. For identification of double-crossover strains, colony PCR was performed on kanamycin-sensitive strains using primers DramB_seqUpR1 and DramB_seqDnR1. The PCR product sizes obtained were used to distinguish the isolates as deletion mutants or wild-type revertants. The genotype of Rs⌬pccRMC12 was confirmed by sequencing the product obtained by PCR with primers DramB_seqUpF1 and DramB_seqUpR1 and the product obtained by PCR with primers DramB_seqDnR1 and D_ramB_downR4.
For complementation of the Rs⌬pccRMC12 mutant a 1,584-bp fragment was amplified from R. sphaeroides 2.4.1 genomic DNA with primers 2186promF2 and 2186compR1. The fragment contained the pccR gene, which included a 162-bp region upstream of the translational start site. The fragment was digested with XbaI/EcoRI and ligated into pBBRsm2MCS5 (7) to generate pMC66. The pBBRsm2MCS5 plasmid (empty vector control) and pMC66 were independently conjugated into the wild type or Rs⌬pccRMC12 by mating with E. coli SM10 transformed with the respective plasmid.
Isolation of pccB-lacZ reporter strains. To construct a scaffold for promoter-lacZ fusions, the lac operon was inserted into the pBBRsm2MCS5 vector (7) and the intrinsic alpha-subunit lacZ portion of the pBBRsm2MCS5 plasmid was removed. A 4,206-bp fragment was PCR amplified from pBBRsm2MCS5 with primers MC75F3 and MC75R2. The lac operon (5,071 bp) was amplified from pMC1403 (45) with primers lacoperon_for1 and lacoperon_rev2. By way of EcoRI/KpnI digestion of both PCR products and subsequent ligation, plasmid pMC75 was obtained and used as a scaffold for pccB promoter-lacZ fusions. Primers pccBGSF0 and pccBGSR0 and chromosomal R. sphaeroides DNA were used to amplify a 640-bp fragment that included the pccB upstream region. The fragment was cloned into pUC18 using BamHI/XbaI, resulting in the plasmid pMC73. Versions of pMC73 with site-directed mutations (pMC73⌬1, pMC73⌬2, and pMC73⌬12) were constructed by amplification of pMC73 with PfuUltra II polymerase (Agilent) and the respective primers indicated in Table S1 in the supplemental material. Unmutated (methylated) template pMC73 was removed by DpnI restriction before the amplified products were used to transform DH5␣ cells. After purification of the plasmids from DH5␣ cells, the mutations were confirmed by DNA sequencing. A 230-bp product amplified from pMC73, pMC73⌬1, pMC73⌬2, and pMC73⌬12 with primers pccBpromF1 and pccBpromR1 was restricted with XbaI/EcoRI and ligated into pMC75 to generate pMC85, pMC85⌬1, pMC85⌬2, and pMC85⌬12. These plasmids therefore contained 188 bp of either the original or the mutated pccB upstream region and 27 bp of the pccB coding region fused to the lacZ gene. The variations in the upstream fragments available on each plasmid are detailed in Fig. 2 .
Propionyl-CoA carboxylase and ␤-galactosidase enzyme assays. For the preparation of cell extracts, frozen cell pellets (400 to 600 mg [wet weight]) were suspended in 600 l of 50 mM Tris-HCl, pH 8.0, 5 mM MgCl 2 , and 0.1 mg ml Ϫ1 DNase I. After addition of ϳ1 g glass beads (diameter, 0.1 to 0.25 mm; Retsch), the suspension was beaten at 30 Hz for 9 min with a bead beater (model MM200; Retsch). Insoluble cell material and beads were separated from the cell extract by centrifugation at 15,800 ϫ g for 5 min at 4°C. The protein concentration was measured by the method of Bradford (46) using bovine serum albumin as a standard.
Propionyl-CoA carboxylase activity was measured in 400-l reaction mixtures containing 100 mM Tris, pH 8.0, 5 mM MgCl 2 , 10 mM KCl, 2.5 mM dithiothreitol, 5 mM ATP, 0.38 mM propionyl-CoA, 12.5 mM NaH 14 CO 3 (3.7 Ci), and 70 to 520 g cell extract. Reactions were initiated with the addition of propionyl-CoA. At time points of 0, 2.5, and 5 min, an aliquot of 100 l was removed from the reaction mixture and the reaction was stopped by addition of 50 l of 100% propionic acid (final pH, Ϸ2.5); this was followed by centrifugation in open tubes for 30 min to remove unincorporated CO 2 . Incorporation of acid-stable 14 C was quantified by adding 75 l of each sample to 3.0 ml of scintillation fluid, and the radioactive decay was measured by a scintillation counter. Background values at time zero were subtracted from the other values.
␤-Galactosidase activity was measured as the enzyme-dependent cleavage of ortho-nitrophenyl-␤-galactoside (ONPG) at 412 nm (ε 412 ϭ 4,500 M Ϫ1 cm Ϫ1 ) in a cuvette with a 1-cm path length. The reaction was initiated by the addition of 100 l of 4 mg ml Ϫ1 ONPG in Z buffer (50 mM potassium phosphate buffer, pH 7.0, 40 mM KCl, 1 mM MgSO 4 , 0.35% ␤-mercaptoethanol) to a 400-l Z-buffer mixture containing 2 to 300 g cell extract.
RNA isolation. Cells from 200 ml of culture at an OD 578 of 0.4 to 0.5 were collected by centrifugation (8,000 ϫ g, 10 min, 4°C) and resuspended in 1.3 ml of TRI Reagent (Sigma). After 30 min at room temperature, 650 l chloroform was added, and the mixture was incubated for an additional 10 min at room temperature. Following centrifugation (15,800 ϫ g, 10 min, 4°C), the process was repeated with the aqueous phase with 650 l of TRI Reagent and 300 l of chloroform through a series of 5-min incubations. The final aqueous phase was added to an equal volume (ϳ1 ml) of isopropanol. After at least 1 h at Ϫ20°C, the precipitated nucleic acids were pelleted by centrifugation (15,800 ϫ g, 10 min, 4°C) and dissolved in 400 l RNasefree water. DNA was degraded at 37°C for 1 h with 500 U RNase-free DNase I (Roche). The RNA was precipitated and stored at Ϫ20°C until use. RNA was collected by centrifugation (15,800 ϫ g, 10 min, 4°C) and dissolved in 200 l RNase-free water immediately before use.
Quantitative reverse transcription-PCR (qRT-PCR).
Whole-cell cDNA was produced in a 100-l reaction mixture by reverse transcribing 70 l of whole-cell RNA with 500 U SuperScript III reverse transcriptase (Invitrogen) and 2 nmol of 10-nucleotide oligomers of randomized sequence. The resulting whole-cell cDNA was diluted 44-to 352-fold in 2-fold steps in 22-l PCR mixtures that contained 14 l IQ SYBR SuperMix (Bio-Rad) and 40 pmol of each respective primer (see Table S1 in the supplemental material). Amplification was performed in a Bio-Rad CFX96 thermal cycler for 40 cycles with the following amplification protocol: 97°C for 20 s, 64°C for 20 s, and 72°C for 10 s. To prevent the detection of potential primer dimers, the reaction mixture was heated to 81°C for 10 s before the fluorescence was recorded for each round of amplification. Each reaction was performed in triplicate for each dilution. Threshold cycle (C T ) values that demonstrated 90% to 110% amplification efficiency were averaged and compared to the values on standard curves in order to estimate the initial absolute value of the cDNA template concentration. The standard curves were generated from the C T values for reaction mixtures containing known concentrations of 10-fold dilutions of purified PCR product that had been obtained from R. sphaeroides chromosomal DNA with the same primers used in the experimental reactions.
Final absolute values were normalized to the average of the values of the rpoZ and recA levels for comparison among biological replicates, strains, and growth conditions. Identification of the pccB transcriptional start site. A primer extension method was employed to establish the 5= end of pccB as described previously (47) . Primer MSACEpccBRT1 fluorescently labeled with 6-carboxyfluorescein (FAM) on its 5= terminus was used to prime reverse transcription with whole-cell RNA. Using an ABI 3770 capillary electrophoresis sequencer, the migration of the reverse transcription product was compared to the migration of the product of the sequencing reactions performed on the corresponding DNA region with the same 5= FAMlabeled primer. Comigration with a given sequencing product was indicative of the 5= position of the given transcript.
In silico ScfR identification and DNA binding site recognition. Homologs of PccR were collected as the top 1,000 BLAST (Basic Local Alignment Search Tool) results after querying the National Center for Biotechnology Information (NCBI) nonredundant protein sequence database with the R. sphaeroides PccR (RSP_2186) sequence. Protein sequences that were not associated with a genome in the database were removed. The resulting 327 protein sequences were aligned using the Muscle program within MEGA (version 5) software (48) . Nonconserved extensions were removed manually. The adjusted sequences and accession numbers for the protein sequences that were used are listed in Table S2 in the supplemental material. Neighbor-joining trees were constructed using MEGA (version 5). Any presented bootstrap values were predicted from 500 replicates and are based on the statistical model of Jones et al. (49) .
To investigate possible DNA binding sites for each family of ScfR proteins, 200-bp fragments of sequence immediately upstream of coding regions for proteins from each family were compared using the MEME suite of tools (50) . The sequences that were used in the comparison are listed in Table S2 in the supplemental material. The parameters were adjusted to identify any number of 6-bp to 15-bp conserved motifs per query sequence. The resulting motifs were used to build the DNA logos presented in Fig. 5 .
RESULTS
Propionyl-CoA carboxylase activity is mainly regulated at the level of the pccB transcript. The pccB gene of R. sphaeroides, rsp_2189, encodes the ␤ subunit of propionyl-CoA carboxylase (PCC), an enzyme of the methylmalonyl-CoA pathway required for propionyl-CoA assimilation. The methylmalonyl-CoA pathway is also a component of the ethylmalonyl-CoA pathway for acetyl-CoA assimilation (see Fig. S1 in the supplemental material) (8) . PCC activity was measured as the formation of acid-stable 14 C-labeled products upon incubation of the cell extract with ATP, propionyl-CoA, and NaH 14 CO 3 . PCC activities increased 8-or 20-fold when the activities in the extracts of cells grown with acetate or propionate-HCO 3 Ϫ , respectively, were compared to those in the extracts of cells grown with succinate (Table 1) . Similarly, pccB transcript levels, as measured by qRT-PCR, in wholecell RNA from acetate-and propionate-grown cells were increased 6-and 10-fold, respectively, when they were compared with those in whole-cell RNA from succinate-grown cells (Fig. 1) . The correlation of PCC activity and pccB mRNA levels under different growth conditions is consistent with the predominantly transcriptional regulation of pccB expression that is dependent on the carbon source supplied.
Identification of a transcriptional regulator candidate. The genome of R. sphaeroides was analyzed for genes that might encode homologs of known transcriptional regulators involved in acyl-CoA metabolism from other organisms. Homologs of PrpR (STM0367) from S. enterica (18) , MmsR (PA3571) from P. aeruginosa (37), IclR (B4018) from E. coli (51), or RamA (Cg2831) from C. glutamicum (42) were not detected. In addition, proteins (STM2651, Rpa3031, and Rv0998) required for acylation of acylCoA synthetases in different bacteria (24, 52, 53) are not encoded by the R. sphaeroides genome. The only homolog of known transcriptional regulators of acyl-CoA metabolism encoded by R. sphaeroides is RSP_2186, which shows 38% sequence identity to RamB (Cg0800) from C. glutamicum (30) . The rsp_2186 gene, named pccR here, is divergently transcribed from pccB and is separated from pccB by two open reading frames (Fig. 2) . Furthermore, both pccR and pccB have two copies of a direct repeat (TTT GCAAA) in their upstream untranslated regions. The same duplicated direct repeats have been shown to be bound by RamB in C. glutamicum (30) .
PccR is necessary for transcriptional regulation of pccB. When the pccR coding region was inactivated by an in-frame deletion of 1,224 bp of its original 1,386 bp, the resulting strain, Rs⌬pccRMC12, was unable to grow with propionate-HCO 3 Ϫ as the carbon source. The mutant Rs⌬pccRMC12, however, grew normally with succinate or acetate as the carbon source (Fig. 3) . When pccR was expressed from its own promoter on plasmid pMC66 in the mutant strain, growth with propionate-HCO 3 Ϫ was restored (Fig. 3) , indicating that the growth defect was due to the absence of PccR.
Although the growth of the Rs⌬pccRMC12 mutant strain with succinate or acetate as the carbon source was not affected, the pccB transcript levels of the mutant grown with either substrate showed significant changes compared to those of the wild type. For the wild type, pccB transcript levels for succinate-grown cells were 6-fold lower than those for acetate-grown cells. In the case of the Rs⌬pccRMC12 mutant strain, however, pccB transcript levels were the same during growth with succinate or acetate (Fig. 1) . The change in the regulation of pccB transcript levels between the wild type and the Rs⌬pccRMC12 mutant strain was directly reflected in the PCC activity levels (Fig. 1) ; for the mutant, pccB transcript levels and PCC activities were elevated during growth with succinate and reduced during growth with acetate compared with the results for the wild-type strain (Fig. 1) . Based on these results, we concluded that the lower level of PCC activity in the absence of regulation by PccR was sufficient to optimally support growth with acetate yet was insufficient to support growth growth with propionate-HCO 3 Ϫ . Activation of pccB expression requires the two TTTGCAAA motifs. The levels of pccB expression were also measured using a translational lacZ reporter fusion on a plasmid; a 157-bp fragment of the pccB upstream region and the first 27 bp of the pccB coding region were fused to the lac operon in pMC85 ( Fig. 2) . Similar to the chromosomal regulation, the ␤-galactosidase (LacZ) activity in cell extracts of the wild-type R. sphaeroides strain carrying pMC85 showed the upregulation of expression from the plasmid-borne pccB promoter during growth with acetate compared to the level of regulation during growth with succinate (Table 2 ). For the Rs⌬pccRMC12 mutant strain carrying pMC85, LacZ activities were unregulated and lower than those for the wild-type strain carrying pMC85, as expected (Table 2) . However, LacZ activities in cell extracts of the succinate-grown Rs⌬pccRMC12(pMC85) mutant were expected to be higher than those of the succinate-grown wild type strain carrying pMC85, on the basis of the observed elevated pccB transcript levels in the mutant compared with those in the wild-type strain (Fig. 1) . Instead, the inverse was true, suggesting that the length of the promoter region used to construct the plasmid might be insufficient to include an additional site required for appropriate negative regulation. The upstream regions of pccB and pccR each contain a proximal duplication of a TTTGCAAA motif, a direct repeat that matches a Table 2 . consensus sequence identified upstream of pccB and pccR in closely related organisms (Fig. 2) . In order to contextualize the direct repeats with respect to the pccB promoter, primer extension was used to identify the transcriptional start site of pccB. A major signal was detected for a thymidine 29 bp upstream of the translational start site (see Fig. S2 in the supplemental material). For the functional study of the duplicated direct repeat motifs, each direct repeat in pMC85 was sequentially mutated to GCGTAGCG (Fig.  2) . The various plasmids were transferred into wild-type and Rs⌬pccRMC12 strains, and expression from the pccB promoter and its derivatives was monitored as LacZ activity. When either one or both of the TTTGCAAA sites were mutated, the level of activation of expression from the pccB promoter on the plasmid was lost in the wild type and corresponded to the expression level from the pMC85 plasmid observed in the Rs⌬pccRMC12 mutant strain ( Table 2) . The results strongly suggest that activation of expression from the pccB promoter involves an interaction between PccR and both direct repeats. Because activation of pccB expression from the chromosome was not fully possible for the Rs⌬pccRMC12 mutant strain, the strain was unable to grow with propionate-HCO 3 Ϫ as the carbon source (Fig. 3) . Unexpectedly, the wild type carrying the pMC85 plasmid also failed to grow with propionate-HCO 3 Ϫ , although growth with succinate was unaffected (Fig.  4) . In addition, growth of the wild-type strain carrying pMC85 with acetate was impaired (Fig. 4) . Mutations of either one or both of the direct repeats on the pMC85 plasmid restored normal growth with propionate-HCO 3 Ϫ and acetate (Fig. 4) , suggesting that a possible signal molecule or another transcriptional factor is titrated away through interaction with PccR bound to the plasmid DNA.
PccR is a member of a proposed family of transcriptional regulators controlling the assimilation of short-chain fatty acyl CoAs (ScfRs). An examination of other genomes for genes that encode homologs of PccR led to the recognition that PccR is a member of a large protein family. The common features of these proteins are an XRE-family helix-turn-helix N-terminal domain for DNA binding and a C terminus that consists of a domain of unknown function (DUF2083). The DUF2083 domain contains five highly conserved cysteines (see Fig. S3 in the supplemental material). Another domain of unknown function (DUF955) is present proximally to DUF2083 and is located between the helixturn-helix and the DUF2083 domains. Figure 5 , which is an abbreviated version of Fig. S4 in the supplemental material constructed from 327 sequences, shows that the analyzed sequences clustered into six clades. With the exception of 24 out of 327 sequences, trends were observed in the genomic contexts of the genes that encode the proteins of each clade (Fig. 5) . The corresponding genes of representatives within a clade generally clustered with genes encoding enzymes of a specific acyl-CoA assimilation pathway. This feature was used to establish the nomenclature of four classes of regulators within this single large protein family. PccR (propionyl-CoA carboxylase regulator)-encoding genes clustered with genes for enzymes of the methylmalonyl-CoA pathway for propionyl-CoA assimilation. Genes encoding enzymes of the methylcitrate cycle for propionylCoA assimilation clustered with mccR, so named by us to indicate that it likely encodes a methylcitrate cycle regulator. The RamB (regulator of acetate metabolism) class is named for an aforementioned member that was previously characterized and shown to be required for regulating the glyoxylate bypass for acetyl-CoA assimilation (30) . Two RamB clades that contain proteins encoded by genes that colocalize with genes encoding malate synthase (aceB) and/or isocitrate lyase (aceA) of the glyoxylate bypass are present. The two clades are designated RamB subclasses 1 and 2. Proteins of the final clade are notated as IbcRs (isobutyryl-CoA assimilation regulators). Their genes cluster with genes encoding enzymes required for isobutyryl-CoA assimilation via 3-hydroxyisobutyryl-CoA (37) . The proteins of all clades are likely responsible for controlling acetyl-CoA, propionyl-CoA, or isobutyrylCoA metabolism. Therefore, the collection of these protein homologs is denoted here as the ScfR (short-chain fatty acyl-CoA assimilation regulator) family.
In an effort to predict potential operator sites for the regulators within a single clade, we speculated that the regulators regulate the expression of their own genes. A 200-bp portion of genomic sequence was collected from the upstream regions of 37 pccR genes, 24 mccR genes, 27 ramB subclass 1 genes, and 14 ramB subclass 2 genes. Motifs upstream of the genes of each class were identified with MEME (50) . The logos in Fig. 5 illustrate the unique motifs that were identified upstream of genes encoding a given class of ScfR. The only exception is the ramB subclass 2 clade, where no consensus motif was identified.
DISCUSSION
PccR from R. sphaeroides, encoded by rsp_2186, was identified to be a transcriptional regulator that is responsible for controlling propionyl-CoA assimilation through the methylmalonyl-CoA pathway by controlling pccB expression and, ultimately, PCC activity. A duplicated direct repeat, TTTGCAAA-X n -TTTGCAAA, was identified to be a possible operator site located upstream of pccR (n ϭ 12) and of pccB (n ϭ 4); pccB encodes the ␤ subunit of PCC. An examination of the R. sphaeroides 2.4.1 genome (both chromosomes and each of the five plasmids) revealed that only those two loci in the entire genome contain a proximal duplication of this TTTGCAAA site, suggesting that PccR specifically regulates propionyl-CoA assimilation in R. sphaeroides. Because various attempts to purify a soluble PccR protein failed, we were unable to demonstrate direct binding of PccR to the two direct repeats.
The in silico analysis that led to establishment of the classes of the ScfR family also serves to unify some seemingly disconnected reports in the literature. A bioinformatics analysis by Suvorova et al., for example, identified a group of regulators that they named PrpQ* proteins (54) . The work recognized that the genes for PrpQ* proteins were conserved in genome neighborhoods that encode pathways for propionyl-CoA assimilation (Suvorova et al. [54] incorrectly refer to the methylmalonyl-CoA pathway as the citramalate cycle) and that the genome neighborhoods contained appropriately located TTTGC(G/A)AA sequences. The analysis presented here replaces the PrpQ* nomenclature with the MccR and PccR classes. (27) . Given that PrpR was the name given to the 54 -dependent regulator of the prp operon of enterobacteria (18, 19) , Masiewicz et al. (27) used the same nomenclature for Rv1129c, despite its dissimilarity in amino acid sequence to PrpR. This name was also later used for describing Cg0800 of C. glutamicum (29, 55) . Because PrpR/LrpG (Rv1129c) from M. tuberculosis and PrpR (Cg0800) from C. glutamicum are members of the MccR class of the ScfR family, we recommend adjusting the previously mixed and misleading nomenclature (Fig. 5) .
It is worthwhile to note that the TTTGCAAA identified by Masiewicz et al. (27) within the M. tuberculosis MccR binding site is more similar to the motif that we identified for PccR than to the motif represented in the logo for the putative MccR binding site in Fig. 5 . However, a closer look at the MccR logo reveals that changes at some of the variable positions could accommodate the half site TTTGCAAA. The resulting conclusion is therefore that conserved ScfR binding sites for any given class are difficult to immediately distinguish across species. However, in organisms such as Rhodobacter capsulatus, whose genome encodes members of three ScfR classes, the binding site of each ScfR protein is likely unique in order to avoid undesired regulatory interference. How specific binding site distinctions permeate throughout the genomes of different organisms that contain only one ScfR protein requires additional investigation.
Given the overall similarity of the ScfRs to each other and the similarity of the substrates of the pathways that the ScfRs are likely to control, it is tempting to speculate that each ScfR senses and binds the acyl-CoA metabolite that is associated with its class. Therefore, we propose the following model for PccR from R. sphaeroides: PccR always interacts with the direct repeats present upstream of pccB. Upon binding of propionylCoA and potentially another transcription factor, PccR activates transcription. Because PccR stays bound to the pccB promoter, immediate and tunable activation of transcription is possible. Assuming that each ScfR operates similarly, the model is consistent with the fact that although acetyl-CoA was suspected to be the effector molecule for RamB-mediated regulation in other systems, acetyl-CoA had no direct effect in vitro on binding of RamB to DNA (30, 56) .
The regulatory immediacy of the model is proposed in large part because in R. sphaeroides propionyl-CoA inhibits the activity of pyruvate dehydrogenase (12, 57) , an enzyme complex which is essential for growth with most substrates. As a result, the cell requires a responsive and specific system for activating the genes whose products are responsible for reducing cellular propionylCoA concentrations. In other bacteria, control of propionyl-CoA accumulation is achieved by the rapidly reversible modification of propionyl-CoA synthetase (20, 21, 24, 25, 52, 53, 58, 59) . Enzymes known to be necessary for modifying the synthetase, however, are not encoded by the R. sphaeroides genome. Instead, R. sphaeroides involves PccR in modulating cellular propionyl-CoA levels by the tunable control of propionyl-CoA assimilation.
